The treatment of inhibitory (saline) wastewaters is known to produce considerable amounts of soluble microbial products (SMPs), and this has been implicated in membrane fouling; the fate of these SMPs was of considerable interest in this work. This study also investigated the contribution of SMPs to membrane fouling of the; (a) cake layer/biofilm layer, (b) the compounds below the biofilm/ cake layer and strongly attached to the surface of the membrane, (c) the compounds in the inner pores of the membrane, and (d) the membrane. It was found that the cake/biofilm layer was the main reason for fouling of the membrane. Interestingly, the bacteria attached to the cake/biofilm layer showed higher biodegradation rates compared with the bacteria in suspension. Moreover, the bacteria attached to the cake layer showed higher amounts of attached extracellular polysaccharides (EPS) compared with the bacteria in suspension, possibly due to accumulation of the released EPS from suspended biomass in the cake/biofilm layer. Molecular weight (MW) analysis of the effluent and reactor bulk showed that the cake layer can retain a large fraction of the SMPs in the reactor and prevent them from being released into the effluent. Hence, while cake layers lead to lower fluxes in submerged anaerobic membrane bioreactors (SAMBRs), and hence higher costs, they can improve the quality of the reactor effluent.
INTRODUCTION
The need for investment in renewable energy together with efficient and cost effective wastewater treatment has recently resulted in a growing interest in the use of anaerobic membrane bioreactors in both research and in industry (Liao et al. ) . The anaerobic membrane bioreactor for wastewater treatment consists of a biological reactor and a membrane filtration device combined in a single unit process. By using a membrane bioreactor to treat wastewater, all the biomass can be retained within the reactor so that chemical oxygen demand (COD) removal can be high, even at low hydraulic retention times (HRT) (Hu & Stuckey ) . In addition, acclimation to a specific wastewater can take place at a higher rate than in a continuous stirred tank reactor (CSTR) or other high rate bioreactor. The inoculation inside the membrane bioreactor of a pure culture or a mixture of microorganisms is feasible without any risk of wash out as the membrane retains all the microorganisms inside the reactor. Furthermore, the start up of a membrane bioreactor should be rapid as there is no need for granulation or biofilm formation (Vyrides & Stuckey a) .
According to Koros et al. () , the term fouling describes the 'process resulting in loss of performance of a membrane due to the deposition of suspended or dissolved substances on its external surface, at its pore openings or within its pores'. Development of the SAMBR has been limited to some degree by problems of membrane fouling during operation. Membrane fouling is the most serious issue affecting system performance and results in a continuous reduction in permeability (Fleming et al. ) (flux under constant TMP) and hence higher membrane areas and cost. This can also cause increases in costs due to the end of the continous operation of the bioreactor in order to clean and maintain the membrane. Many studies have reported that the main cause of fouling in submerged membrane bioreactors is sludge cake/biofilm formation on the surface of the membrane (Wang & Wu ; Lee et al. ) . However, no study has examined the cause of fouling in a submerged anaerobic membrane bioreactor treating a toxic wastewater. The exposure of anaerobic biomass to a toxic wastewater (e.g. saline wastewater) generates substantial amounts of SMPs (Vyrides & Stuckey b) and these can contribute to more severe membrane fouling compared to non toxic wastewater (Wang & Wu ) . Moreover, the fate of the SMPs produced with a toxic wastewater in SAMBR is an open question: are they released into the effluent, or are they retained inside the bioreactor? Are they trapped in the inner pores of the membrane or are they attached (adsorbed) to the sludge cake layer?
Another issue that has not been extensively studied is the effect of the cake layer/biofilm on the COD removal of a bioreactor. On one hand the cake layer can severely foul the membrane, while on the other hand the bacteria (biofilm) that are attached in the cake layer can contribute to COD removal. In addition, the cake layer can act as a secondary membrane by adsorbing and trapping high molecular weight (MW) organics, and thus higher COD removal in the permeate/effluent can be achieved. Moreover, it is possible the deposition in the membrane of polysaccharides and proteins increases the stickiness of the membrane surface which will enhance bacterial adhesion and biofilm formation.
The aim of this study was to evaluate the contribution to membrane fouling of the; (a) cake layer/biofilm layer, (b) the compounds below the biofilm/cake layer and strongly attached to the surface of the membrane, (c) the compounds in the inner pores of the membrane and, (d) the membrane. Also, to compare the biodegradation rate of glucose by suspended biomass and by biomass attached to the cake layer using batch assays. Finally, to investigate the production of EPS from the suspended biomass and the biomass attached to the cake layer; using size exclusion chromatography to determine the fate of EPS and SMPs that is produced by biomass.
MATERIALS AND METHODS
The SAMBR had a working volume of 3 L, and was made of acrylic panels with the same configuration as that used by Akram & Stuckey () . A Kubota membrane module (polyethylene) was used in this study with 0.1 m 2 of total membrane surface area with a pore size of 0.4 µm. The reactor was maintained at 35 ± 1 W C, and the biomass was continuously mixed using headspace biogas that was pumped through a stainless steel tube diffuser to generate coarse bubbles. The bubbles pushed the sludge flow upward between the membrane module and the reactor wall in the upper section. The sparging rate was controlled by a gas flowmeter at 5 L min À1 to minimize membrane fouling. A computer data logging system was used to monitor transmembrane pressure (TMP).
The flux through the membrane can be expressed by the following (Darcy's Law) equation ( Judd ):
where J is the permeate flux, TMP is the transmembrane pressure, n is the dynamic viscosity of the permeate and R T is the total resistance. The total resistance, R T , can be attributed to the following equation based on a series resistance model (Field et al. ) :
where R M is the resistance of the membrane, R F is the fouling resistance and R C is the resistance due to cake layer formation or biofilm layer over the membrane. The resistance of the membrane is the initial resistance of a clean membrane and can be measured by pure water data.
First, the resistance of the membrane was calculated based on the formula:
In this study this equation was modified thus:
where R F1 is the fouling resistance of compounds that can be removed by tap water cleaning, and R F2 is the fouling resistance of compounds that can be removed only by chemical cleaning.
In this experiment the contribution of each resistance was measured by removing a layer and re-measured the total resistance. First the total resistance of the membrane was calculated without any layer removal. Next, the biofilm/cake layer was carefully removed using a scalpel and the total resistance was re-measured. Then the membrane was completely cleaned with tap water and the total resistance over time was re-measured. Finally, the membrane was chemically cleaned and the resistance was re-estimated.
Scanning electron microscopy (SEM) samples were fixed overnight at 40 W C in 3.0% glutaraldehyde and kept at pH 7.2 in a 0.1 M phosphate buffer. Samples were then dehydrated in a graded ethanol/water series following the same procedure as Vyrides & Stuckey (a) . The batch assays were conducted using the media and techniques developed by Owen et al. () . Biomass was removed from a reactor and transferred into 40 ml serum bottles under anaerobic conditions by continuously flushing the bottles with a mixture of 70% N 2 and 30% CO 2 (0.5 l min/L). To each serum bottle, 19 ml of media and 1 ml of a concentrated substrate (glucose) was added to give a final concentration of 1g COD/l before capping it with a leak proof Teflon seal. The serum bottles were placed in an Orbital Incubator Shaker at 37 W C and 200 rpm.
Determination of VSS was performed according to standard methods (American Public Health Association/ American Water Works Association/Water Environment Federation ). The composition of biogas was determined using a Shimadzu GC-TCD fitted with a Porapak N column (1,500 × 6.35 mm). The carrier gas was helium that was set at a flow rate of 50 ml/min. The column, detector and injector temperature were set at 28, 38 and 128 W C, respectively. Samples of 1 ml were collected using 1 ml plastic syringes (Terumo). The coefficient of variation for 10 identical samples was ±2%.
For EPS extraction the 'steaming' methods, described by Zhang et al. () , were employed. For size exclusion chromatography (SEC) an Aquagel OH-30 column (Polymer Labs) was used with DI water as the eluent at a flow rate of 0.5 ml/min. The sample volume was 50 µl, and the column was maintained at ambient temperature with both UV and refractive index (RI) detectors being used to detect the separated components. Standards of linear polyethylene oxide (PEO) and polyethylene glycol (PEG) were used; hence, the results obtained are quoted relative to these linear compounds.
RESULTS AND DISCUSSION
A Kubota membrane (A) was withdrawn after 100 days operation from inside a SAMBR that had treated saline wastewater (35 g NaCl/L) with high levels of chromium (200 mg/L) (Vyrides ). The total resistance of the membrane at 50 rpm (permeate pump speed) was 7.68 × 10 10 1/ m. After careful removal of the biofilm/cake layer using a scalpel, some compounds were still strongly attached to the membrane surface. The total resistance of this part of the membrane was 20-30 times lower compared with the total resistance of the membrane prior to removing the biofilm/cake layer. After this, the membrane was extensively cleaned with tap water and all the compounds strongly attached to the surface of the membrane were removed. The total resistance of the membrane after the tap water treatment was 15-25 times less compared with the membrane from which the biofilm/cake layer was removed. Moreover, to evaluate the fouling due to irreversible inner pore blocking; the membrane was chemically cleaned with sodium hypochlorite (NaOCl) according to the Kubota protocol and the total resistance did slightly reduce (1.3 times). Further cleaning with oxalic acid (H 2 C 2 O 4 ) in order to remove any possible inorganic impurities did not make any difference compared with the NaOCl. The above results show that the main factor contributing to the fouling of the membrane was the biofilm/cake layer, and that the large amount of SMPs present in the SAMBR at high salinity (as was found by Vyrides & Stuckey a, b) did not contribute to an increase in the internal resistance. The compounds between the biofilm and the membrane (Figure 2(a) ) also contributed to fouling, but not as much as the biofilm/ cake layer. The results of this study show that the fouling due to inner pore blocking was not so pronounced.
The calculation of the total and specific resistance of each layer at 50 rpm pump speed was as follows: reported on various studies regarding the specific resistance of a membrane, and pointed out that cake resistance was the main factor responsible for membrane fouling. Lee et al. () used a submerged membrane and found that the cake resistance, R c , was the main factor controlling fouling of the membrane, while the fouling resistance, R F , was considerably lower than the cake resistance. Figure 1(a) shows a cross section of a new Kubota membrane, while Figure 1(b) shows the SAMBR membrane after 200 days of operation with a feed containing 35 g NaCl/L and 200 mg Cr/L. From these pictures the dense pores of the membrane can be seen, and the black circles that are the fibres of the core materials (nonwoven) of the membrane (personal communication with Kubota Company). The pores in Figures 1(a) and 1(b) are not substantially different, and no organics have accumulated or attached to the pores inside the membrane. These pictures indicate that the pores inside the membrane do not contribute to the accumulation of SMPs (fouling), and this is in line with our findings about the specific resistance of each layer calculated above. Figure 2(a) shows a slight cut through of the cake layer from above, and this actually consisted of 2 layers; the first compact layer (outer) was about 5.9 µm (vertical arrow), while the layer underneath was about 15-25 µm (horizontal arrow) (Vyrides & Stuckey a) . The outer surface layer appears to consist of a compact bacterial matrix, as can be seen in Figure 2(b) . The bacteria attached to the membrane are on the outer surface where more organic substrate is available. The layer underneath (Figure 2(a) ) is less porous than the compact first layer, and probably consists of cell debris (that could be part of SMPs), extracellular polysaccharides (EPS that could be part of SMPs) and inorganic material (Vyrides & Stuckey a) . It appears that as the bacteria die and lyse on the membrane an active layer grows on top of them with greater exposure to the substrate flowing through the biofilm thus creating the porous layer that can be seen in Figure 2 (a) (horizontal arrow).
Several studies, e.g., Rojas et al. () , Rosenberger et al. () consider that all the SMPs consist of EPS and that they do not consider the exact definition of SMPs and EPS; as a result it is wrongly assumed that the organics that cause the reduction in flux of the membrane are only EPS, and that cell lysis and substrate intermediates (not VFAs but SMPs) do not have any effect. The above studies made this simplification based on the theory of Laspidou & Rittman () who stated that EPS ¼ SMP. However, Ramesh et al. () and Aquino & Stuckey () reported that EPS are only a part of the SMPs. Thus, it seems to be more realistic that other products, such as cell lysis and substrate intermediates, can be part of the SMPs and can also contribute to membrane fouling.
In order to compare the activity of the bacteria attached to the membrane and in suspension, the cake/biofilm (gel fouling layer) biomass and suspended biomass were placed separately in serum bottles (1 gVSS/L) and fed with 1gCOD/L glucose. Under 35 gNaCl/L the cake/biofilm biomass from SAMBR produced 9.2 ml CH 4 after 198 h, while the suspended biomass from the same reactor generated 5.5 ml CH 4 (Figure 3) . Under low salinity the biofilm/ cake biomass and suspended biomass (SAMBR) produced 19.4 ml CH 4 and 13 ml CH 4 , respectively (Figure 3) ; these results demonstrate that the biofilm/cake biomass is more active than the suspended biomass, probably because they are subjected to a high level of substrate with low mass transfer limitations. () all found that the bacteria in the biofilm of a membrane reactor were different compared with the bacteria in suspended biomass. Moreover, Miura et al. () found that specific strains were responsible for biofilm formation on the membrane and this biofilm can cause the fouling to increase. Figure 4 shows the MW distribution of the bulk, effluent, and extracellular polysaccharide (EPS) extracted from the cake/biofilm (scraped off the surface 1gVSS/L), and EPS extracted from the suspended biomass (1gVSS/L) (at 210 nm) from the SAMBR after 45 days exposure to 35 g NaCl/L. As can be seen, some of the EPS extracted from the cake/biofilm layer and suspended biomass was in the 7-28.8 kDa MW range. However, the amount of EPS extracted from the cake/biofilm layer was 3 times higher than that from suspended biomass. It is likely that the microbial strains in the cake/biofilm were different from the suspended biomass (Miura et al. ) and possibly produced more EPS. The large amount of EPS attached to the biofilm biomass is likely to act as a diffusional barrier providing enhanced protection under stress conditions. In addition, it is likely more EPS was attached to the surface of the membrane due to the continuous filtering of the reactor contents (including SMPs) by the membrane, and this could considerably increase cake resistance. The peak at around 9 mins also appears in the bulk (media inside the reactor) and shows that the main source of SMPs (at 210 nm) is due to the release of EPS from the cells to the medium due to the stress conditions (Vyrides & Stuckey b) . This peak does not appear in the effluent due to it being retained by the membrane and/or degraded by the biofilm. The peaks at around 17.5 mins for the bulk and effluent are low MW SMPs, possibly due to intermediate substrate products, or cell lysis. The big peaks at around 20 min have MWs less than 0.18 kDa, and are possibly low MW intermediates which are primarily refractory, or volatile fatty acids (VFAs).
These results are in line with those of Vyrides & Stuckey (a) ; in that study when they changed biogas sparging inside a SAMBR from continuous to intervals of 5 min OFF and 10 min ON it resulted in an increase of 10% in the Dissolved Organic Carbon (DOC) removal in the effluent. This was undoubtedly due to the formation of a thicker biofilm (cake layer) on the membrane as a result of lower shear on the membrane under intermittent biogas bubbling. Thus, under these conditions the substrate inside the SAMBR was filtered through a thicker biofilm and this would have resulted in a higher degree of biodegradation by retaining more of the lower MW solutes until they could be degraded. The increase in DOC removal could also have been due to an increase in accumulation of SMPs in the cake layer. During this period, when the biogas sparging changed from continuous to intervals of 10 min ON and 5 min OFF the TMP increased from 0.310 bar to 0.355 bar (Vyrides & Stuckey a) , so there is a price to be paid for better COD removal.
CONCLUSIONS
• The specific resistances of a membrane operated for 100 days in a SAMBR treating saline wastewater are as follows: more than 96% of the total resistance was attributed to the biofilm cake layer, about 3% was attributed to the compounds attached to the membrane surface that were located between the biofilm layer and the surface of the membrane. Only about 1% was attributed to membrane resistance and to compounds in the inner pores of the membrane. SEM pictures showed no SMPs or particles in the inner pores of the membrane despite the SMPs being present at high concentrations. Moreover, these findings also highlight the fact that membrane cleaning can be done using tap water without chemicals.
• The bacteria attached to the membrane biodegrade glucose at a higher rate compared to the bacteria that are in suspension inside a SAMBR under both no salinity and high salinity.
• Biofilm and suspended biomass (from SAMBR) produced the same EPS in the range of 7-28.8 kDa under high salinity. However, the EPS found in biofilm biomass was 3 times higher comparing with the suspended biomass. These EPS were found in the bioreactor although the membrane and cake layer stops them being present in the effluent.
